Purpose Pneumonia is the third leading cause of death in children under 5 years of age worldwide. In pediatrics, both the accuracy and safety of diagnostic tools are important. Lung ultrasound (LUS) could be a safe diagnostic tool for this reason. We searched in the literature for diagnostic studies about LUS to predict pneumonia in pediatric patients using systematic review and meta-analysis. Methods The Medline, CINAHL, Cochrane Library, Embase, SPORTDiscus, ScienceDirect, and Web of Science databases from inception to September 2017 were searched. All studies that evaluated the diagnostic accuracy of LUS in determining the presence of pneumonia in patients under 18 years of age were included. Results 1042 articles were found by systematic search. 76 articles were assessed for eligibility. Seventeen studies were included in the systematic review. We included 2612 pooled cases. The age of the pooled sample population ranged from 0 to about 21 years old. Summary sensitivity, specificity, and AUC were 0.94 (IQR: 0.89-0.97), 0.93 (IQR: 0.86-0.98), and 0.98 (IQR: 0.94-0.99), respectively. No agreement on reference standard was detected: nine studies used chest X-rays, while four studies considered the clinical diagnosis. Only one study used computed tomography. Conclusions LUS seems to be a promise tool for diagnosing pneumonia in children. However, the high heterogeneity found across the individual studies, and the absence of a reliable reference standard, make the finding questionable. More methodologically rigorous studies are needed.
Introduction

Rationale
Of the 6 million infant deaths under 5 years of age which occur worldwide every year, about half of them are caused by infectious diseases [1] . Pneumonia, in particular, is one of the three major causes of death, along with intrapartumrelated and birth weight complications [1] . Pneumonia is responsible for the deaths of about a million children under 5 years of age annually [2] . It still constitutes a significant health expenditure in developed countries, both in economic terms and in terms of the exposure of the pediatric population to antibiotic drugs [2] . In developing countries, improvement of the population's nutrition conditions has led to a reduction of pneumonia-related mortality [1] . Although the incidence rate of pediatric pneumonia is declining, there are still issues related to diagnosis [3] . In fact, currently, there is no gold standard that can diagnose pneumonia with a high degree of accuracy in the pediatric population [4] . To avoid indiscriminate exposure to ionizing radiation as well as unavailability of advanced imaging devices in developing countries, computerized tomography (CT) is scarcely used for this purpose. On the other hand, the plain chest radiograph (CXR), which is often used as a silver standard, has shown little accuracy in distinguishing alveolar from interstitial pneumonia [5] ; furthermore, inter-observer agreement on CXR results is at most moderate [6] [7] [8] . Lung ultrasound (LUS) has been shown to be a very accurate diagnostic tool in diagnosing pneumonia in adults [9, 10] . The LUS seems to be able to overcome the diagnostic limits of CXR [11] [12] [13] [14] . In some studies, the LUS has been used in pediatric populations. The potential advantage of the LUS is to be a fast bedside imaging diagnostic tool which could preserve pediatric patients from exposure to ionizing radiation.
Objectives
We systematically reviewed studies in the literature addressing the role of the LUS in diagnosis of pneumonia in pediatric populations. All studies that evaluated the diagnostic accuracy of LUS in determining the presence of pneumonia in patients under 18 years of age were included. Studies in any hospital departments or settings were included. We included only published articles.
Methods
Eligibility criteria and information sources
Conference abstracts, review articles, studies written in languages other than English, non-human studies, protocols or policy statements, and guidelines were excluded. We excluded studies that dealt with other diagnoses besides pneumonia.
Two authors (DO and AB) recovered the full texts of the relevant articles. All relevant titles and abstracts were retrieved and searched for the full text. References from included studies and review articles were hand-searched to identify any additional relevant studies not screened in the systematic search.
Study selection and risk of bias in individual studies
Two independent, trained reviewers (DO and AB) read all papers and scored them according to the QUADAS2 checklist [15] . Any disagreement was discussed between the two reviewers. If no agreement was reached even after the discussion, a third author (NG) was involved. An agreement between two out of three reviewers was considered sufficient to include the study under discussion. The studies which passed the reviewers' quality selection were considered in the systematic review.
Data about publication year, sampling, target population, clinical setting, role and experience of the sonographer, reference standard device, considered diagnostic ultrasound pattern, sample size, prevalence of pneumonia, sensitivity, and specificity were extracted from studies.
Synthesis of results
A funnel plot was planned to investigate the presence of any publication bias. Sensitivity and specificity values of individual studies were summarized and compared through forest plots. Sub-analyses were conducted to verify any sources of heterogeneity. The diagnostic accuracy of LUS in predicting pneumonia in pediatric patients was planned to be summarized using the receiver operating characteristic (ROC) curve. Results were expressed as percentages and interquartile ranges between the 25 and 75% quartile (IQR).
All statistical analyses were performed using the R-CRAN project ver. 3.4.2. Meta4diag and INLA packages were implemented.
Results
Study selection
One thousand forty-two articles were found by systematic search. Of these, 64 were excluded because they were duplicated; 1402 were excluded because they did not fulfill the inclusion criteria. So, 76 articles were assessed for eligibility. Of these, 13 articles were excluded because they also examined other diagnoses than pneumonia alone; 7 articles were excluded because they were guidelines or consensus papers; 20 because they were review articles; 15 because they were letters, editorials, abstracts or conference posters; 2 because they were written in languages other than English; and 2 because they were case reports or because no statistics were reported. Finally, 17 studies were included in the systematic review [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] (Fig. 1) .
Study characteristics
2612 pooled cases were included. Sample sizes ranged from 36 patients in the study by Ambroggio and colleagues [21] to 812 in the study by Ellington and colleagues [17] . A wide age range was observed: one study considered only the neonatal population, while several studies also considered young adults (the upper limit was 21 years of age). Six studies were totally or at least partly conducted in a pediatric emergency department (PED); two studies took place in a general emergency department (ED); seven studies enrolled patients in a pediatric ward (PW); one study considered patients hospitalized in a pediatric intensive care unit (PICU); one study was performed in a neonatal intensive care unit (NICU). One study considered patients in a radiology department as well and one study included also outpatients. One study was carried out in a pediatric pneumology department. One study did not specify the setting in which it was carried out. 
L low risk; ? Uncertain risk, H high risk
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All studies except two enrolled patients prospectively. The inclusion criterion for all studies except one was the suspicion (or formal diagnosis in retrospective studies) of community-acquired pneumonia (CAP) or neonatal pneumonia. Only one study considered any respiratory symptoms.
The prevalence of pneumonia in the considered populations spread over a very wide range: from 18% in the study by Shah, Tunik and Tsung [30] to 96% in the study by Boursiani and colleagues [16] .
Regarding the reference standard, the included studies considered a wide range of methods: nine studies used CXR as a reference standard, while four studies considered the attending physicians' clinical diagnoses. In three studies, the final diagnoses were established by external adjudication committees. Only one study used CT as a reference standard.
In eight studies, the sonographer was a pediatrician or neonatologist; in two studies, he was an emergency physician; in five studies, he was a radiologist; and finally, in one study, the sonographer was a pediatric pneumologist. One study did not specify the sonographer's role. The level of experience of the sonographers in the considered studies was rather variable: it ranged from a 1-h training course up to 25 years of professional experience.
In almost all the studies the sonographer was unaware of the results of the reference standard. There was no blindness at all just in one study. However, this parameter was not reported in 5 studies.
In all studies the chest posterior regions were also evaluated sonographically. Almost all studies considered consolidation (as a hypoechoic subpleural area) as a sonographic pattern of pneumonia, associated with some other patterns (e.g., B lines, interstitial pattern, and bronchograms) as well ( Table 1) .
Risk of bias within studies
The retrospective selection of patients was judged to be at a high risk of bias. Four studies considered a convenience sample: we felt uncertain about the risk of bias [16, 23, 28, 32] . Most studies used CXR as a reference standard. We are not sure that it is the most accurate imaging method against which to compare LUS. We therefore considered these studies' risk of bias to be uncertain. The clinical diagnosis of the attending physicians as the only reference standard was considered a potential source of bias. Some studies did not specify whether LUS was performed before or after other imaging techniques. Some studies considered LUS within a 24-up to 36-h period from the first patient evaluation. This wide range of time could be a source of bias. 
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With respect to applicability concerns, diagnosis by CXR or by the clinical evaluation of attending physicians alone could be a bias source ( Table 2) .
Synthesis of results
The sensitivity and specificity of the considered studies are displayed in Table 1 . The individual studies' sensitivity ranged from 40 to 100% (sensitivity summary: 94%; IQR: 89-97%) and specificity ranged from 12 to 100% (specificity summary: 94%; IQR: 86-98%). The funnel plot shows that studies with a small sample size achieved a considerably better effect than studies with a wider sample size, in terms of a possible publication bias (Fig. 2) .
The overall diagnostic accuracy of LUS was expressed as a summary AUC of 0.98 (IQR: 0.94-0.99) (Fig. 3) .
To determine the components most responsible for the high degree of heterogeneity found, the data were analyzed with forest plots (Figs. 4, 5 and Figures 8 and 9 in Supplemental Materials). A significant difference between the amount of specificity in the group in which the CXR was used as the reference standard and the group in which it was considered to be only the clinical diagnosis by the attending physician was found, as highlighted by the non-overlapped confidence intervals (Figs. 6, 7 ).
Discussion
Summary of evidence
Although pneumonia remains a major cause of childhood morbidity and mortality, there is no clinical sign or symptom capable of diagnosing it alone, at least without the concurrence of some imaging tools [3] . In adult patients' studies, CT showed a high degree of accuracy as a gold standard for imaging in case of pneumonia. However, there is no justification for indiscriminately exposing a pediatric patient to ionizing radiation, unless there are clinical reasons such as respiratory complications [33, 34] . Currently, the most commonly used imaging exam is standard CXR. CXR is a relatively inexpensive and sufficiently quick test. These two features are particularly useful in the evaluation of pediatric patients, both in the emergency department and in a hospital ward. However, CXR shows a non-optimal ability to distinguish alveolar pneumonia from interstitial pneumonia (a sensitivity of about 43%); it generates ionizing radiation as well and, moreover, interobserver agreement is not perfect [7, [35] [36] [37] [38] . So, an inexpensive, accurate and fast (possibly bedside) diagnostic tool that can be used for this purpose is needed. LUS, at least in adult patients, has proven to possess all these features [9, 10] .
LUS is still poorly studied in pediatric medicine, compared to the adult setting. Pereda and colleagues noted that the literature contains few studies about LUS in pediatric populations. However, from the data collected, the authors concluded that LUS seemed to be a sufficiently accurate technique to be used in diagnosing pneumonia, even in pediatric patients [39] . Even from our findings, LUS shows a fair level of accuracy despite the different ages considered in the included studies. In this regard, we must note that there are still few studies on neonatal populations in the literature. In any case, there seems to have been a fairly high degree of diagnostic accuracy in many prospective studies.
Nevertheless, a possible source of bias could be the extreme range of the sonographer's experience. Adult population studies show that LUS can be learned quickly; however, a minimal learning curve seems to be necessary [40] . This aspect does not seem sufficiently considered in the current pediatric literature. A recent systematic review noted that the sonographer's experience, as well as the clinical severity of pneumonia in the studied population, was among the factors most responsible for a considerable share of heterogeneity [41] .
As far as we could analyze, the main source of bias seems to be the choice of reference standard. While it is unethical to use CT just for methodological reasons, especially without any clinical reason, both standard CXR and exclusively clinical evaluation by attending physicians, on the other hand, do not seem to be sufficiently accurate methods [42, 43] . While the use of CXR as a reference standard seems to determine an excessive rate of false positives, a mere clinical evaluation of the attending physician, on the contrary, seems to determine an excessive rate of true positives. This effect could be linked, on the one hand, to the CXR's lack of sensitivity, as already highlighted in the literature, and, on the other hand, to a suspected confirmation bias. As with the diagnosis of sepsis (although for other reasons), there is no gold standard to compare to any other diagnostic technique [44] , even in this case. In any case, a possible solution could be that the final diagnosis is established by one or more external physicians not involved in the clinical case. These physicians could assess, using all findings and available data (and possibly microbiological results), the probability of diagnosis of pneumonia in pediatric patients [45, 46] .
Limitations
Our review had some limitations. First, only studies that presented the diagnostic accuracy of LUS were considered, rather than those which contained any agreement with other imaging techniques. Furthermore, a meta-analysis was difficult to execute due to the high heterogeneity found. We did not consider our findings totally reliable, given the controversies related to the choice of the studied population, the extreme range of the sonographers' experience, and, above all, the absence of a real gold standard. Confirming our findings, a recent meta-analysis showed a high rate of heterogeneity [41] .
Conclusions
LUS seemed to be a promising method to diagnose pneumonia in the pediatric population; however, the high heterogeneity found across the individual studies and the absence of a reliable reference standard make the pooled results questionable. More methodologically rigorous studies are needed. More stringent criteria are also required for the reference standard and the diagnostic definition of pneumonia through LUS. 
